Section I: Theoretical Calculations
: Constant-pH molecular dynamics simulations (CpHMD) 1 of ASR, with either AT or 13C retinal, have been performed for 30 ns. Briefly, the ASR models have been built using the 1XIO structure available in the Protein Data Bank. Only the protein structure, the retinal chromophore and the crystallographic water molecules have been kept. The 58-66 missing loop, as well as missing hydrogen atoms, have been added before to embed the protein inside a membrane bilayer model, essentially made of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine molecules, water molecules and Na + + Cl -counterions, using the CHARMM-GUI web server. 2 After the release of bad contacts (energy minimization, heating at 300K, equilibration), the full system has been studied at different pH values with CpHMD using the ff14sb Amber forcefield for the protein 3 , TIP3P for the water molecules, 4 lipid17 5 for the membrane and parameters for retinal derived by Hayashi et al. 6 Only the pH=7 results are reported below. Section II: Experimental Details Figure S1 : Schematic description of experimental set-up used for pump-degenerate four wave mixing (pump-DFWM) experiment. Delay (T) between actinic pulse (green line) and DFWM pulses (red lines) was controlled by mechanical delay stage. The delay between pump/stokes and probe (τ) was controlled by a piezo motor which is required for rapid scan. Genearated homo-dyne signal (orange line) was spectrally resolved. The signal was divided by a dichroic beamsplitter (DBS) and detected in a photo-multiplier tube (PMT) after passing through a narrow band filter (NBF) of ±10 nm band width. Here, CPA: Chirped Pulse Amplifier, nc-OPA: non-collinear-optical parametric amplifier. Differences between FFT and spontaneous Raman spectra: A major contrast between time resolved measurements ( Fig. S4 (a, b) ) and spontaneous Raman spectra (Fig. S4 (c) ) is the spectral width: Raman bands are much narrower than obtained for DFWM/IVS FFT spectra. 7 This can be attributed to the nature of the signal. While spontaneous Raman is a frequency resolved technique, DFWM/IVS is time resolved and the width of a Raman band is intrinsically limited by the dephasing rate of the wave packet. This also explains the differences of the peak positions in the C-C stretch region (for example Fig. S4 (a) ) where several closely spaced modes may interfere in time domain which causes a shift of spectral peak positions in FFT spectra compared to its original frequencies. . An FFT window of 600 fs was used in both cases avoiding initial 100 fs. In both cases low frequency modes dephase 4-5 folds faster than the high frequency C=C stretching mode. However, initial rise of low frequency amplitude in DA ASR showed delayed activation of this mode as illustrated in Fig. S6 for LA ASR. However, it does not appear in (b) as the sliding window is applied after it finishes the rise (<80 fs).
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